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The mixing of different water masses is important for local physical and

biogeochemical processes as well as for ecosystems in the ocean. In this

study, a new dataset of stable water isotopes (dD and d18O) combined with

temperature–salinity profiles was used to quantitatively understand the mixing

of water masses in the Pearl River Estuary (PRE) and the adjacent northern

South China Sea (SCS). Based on hydrographic characteristics and the isotope–

salinity relationships in the water column, three water masses, namely, low

isotopic values (<1.5‰ for dD and <0‰ for d18O) with a salinity of <33.20 for

PRE water (PREW), high isotopic values (>2.0‰ for dD and >0.6‰ for d18O) with

a salinity of >34.60 for SCS Kuroshio Branch (SCSKB), and higher isotopic values

(>3.0‰ for dD and <0.4‰ for d18O) with a salinity of >33.30 for SCS water

(SCSW), were identified in the PRE and the adjacent SCS. The mixing of the

three water masses in the PRE and the adjacent SCS was mainly from SCSW

(71%), followed by the SCSKB (23%), and the proportion of PREW only

accounted for 6%. However, different water layers and regions are affected

differently by these three water masses. The surface water is mainly influenced

by the PREW, whereas the subsurface water is mainly influenced by the

intrusion of SCSKB (100–300 m). The mixing process of water masses in the

west side of the study area (<115°E) is mainly contributed by the SCSW (86%),

whereas the contributions of PREW and SCSKB are only 4% and 10%,

respectively. By contrast, the mixing of water masses in the east side (>115°E)

is mainly influenced by the Kuroshio intrusion (50%). This study reveals that dual

water isotopes are exquisitely sensitive to determine the complex hydrological

process in the PRE and the adjacent SCS, and water masses on marine

environment should deserve more attention.
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Introduction
The mixing of water masses plays an important role in the

storage and redistribution of freshwater, heat, and biogenic

elements, and may have a large impact on the local marine

ecology (Legrande and Schmidt, 2006; Oka and Qiu, 2012; Lian

et al., 2016; Lao et al., 2022a; Zhuang et al., 2022). For example,

transport of different water masses with the substances will lead

to a change in biogeochemical processes after mixing, thus

affecting the carbon and nitrogen cycle, and climate change

(Deshpande et al., 2013; Durack, 2015; Wang et al., 2017; Xu

et al., 2018; Yu et al., 2022). Thus, the study of water mass

processes contributes to a better understanding of the impact of

marine biogeochemical processes and marine primary

productivity (Xu et al., 2018; Lao et al., 2022a).

Traditionally, temperature–salinity (T–S) relationships have

been used to distinguish the characteristics of marine water

masses for a long time (Helland-Hansen and Nansen, 1926;

Harvey, 1982), and are still widely used recently (Xie et al., 2011;

Liu et al., 2017; Karati et al., 2019). However, such traditional

method has some limitations to trace the mixing of water masses

because the salinity and temperature are not the characteristic of

water itself (Bigg and Rohling, 2000; Lao et al., 2022a). It is

difficult to identify the mixing of water masses with the same

salinity in the oceans, particularly in the coastal areas (Lao et al.,

2022a and Lao et al., 2022b). In coastal waters, water masses are

mixed from different freshwater masses, and these water masses

may have similar or even the same temperature and salinity, thus

making it difficult to distinguish their contribution (Bigg &

Rohling, 2000; Lao et al., 2022a and Lao et al., 2022b). By

contrast, d18O and dD are properties of the water itself, and

they are less influenced by biogeochemical processes (Lian et al.,

2016; Jin et al., 2018; Chen et al., 2020b; Lao et al., 2022a). They

have a sensitive signal, which could be modified by physical

processes, such as precipitation, runoff input, evaporation,

advection, or upwelling (Craig and Gordon, 1965; Rohling,

2007; Lian et al., 2016). The response of d18O and salinity to

physical processes is similar, which is lower in freshwater and

higher in seawater (Benetti et al., 2017). In addition, the d18O
and dD both decrease with increased freshwater flushing/

precipitation and increase with evaporation/seawater intrusion

(Frew et al., 2000; Deshpande et al., 2013; Richardson et al.,

2018). Thus, the composition of different water masses would

have different dD–d18O and d18O–salinity relationships, which

can indicate the degree of complexation of different water masses

with each other (Sengupta et al., 2013; Benetti et al., 2017; Kumar

et al., 2018; Chen et al., 2020b). Moreover, since isotopes are less

influenced by biogeochemical processes, the contribution of

water masses can be quantified using stable isotope mixing

models (Chen et al., 2020b; Wu et al., 2021; Lao et al., 2022a).

For example, the water mass processes are quantitatively

identified between the western Pacific Ocean and the South
Frontiers in Marine Science 02
China Sea (SCS) (>3,700 m) by using the dual water isotopes

combined with temperature–salinity profiles (Wu et al., 2021).

In the coastal oceans, the mixing of different water sources and

the intrusion of the high salinity to the coastal waters (Lian et al.,

2016; Chen et al., 2020), and their impacts on the groundwater

(Tran et al., 2019; Zhang et al., 2022) and coastal ecological

environment, such as the distribution of nutrient and primary

productivity (Lao et al., 2022a) and the mariculture activities

(Lao et al., 2022b), were also identified by the dual water

isotopes. Thus, the isotope tool has been successfully used to

track the movement and mixing of water masses (Legrande and

Schmidt, 2006; Deshpande et al., 2013; Sengupta et al., 2013;

Lian et al., 2016; Benetti et al., 2017; Chen et al., 2020b).

The Pearl River Estuary (PRE) is located at the southern end

of the Chinese mainland, and it is the largest river in south China

(Fang and Wang, 2022). The mixing of water masses in the PRE

and the adjacent northern SCS is quite complex, which is not

only influenced by the river diluted water and SCS water (Chen

et al., 2022), but also influenced by the saline Kuroshio intrusion

(Wu et al., 2021). Based on the dual water isotopes combined

with the salinity, the proportion of Kuroshio intrusion into the

northern SCS through the Luzon Strait was quantified, which

accounts for 15%. The mixing of three water masses, the Pearl

River freshwater, the SCS water, and the Kuroshio water, has a

great impact on the regional ecosystem (Chen et al., 2019). For

example, the Kuroshio intrusion into the SCS formed a strong

front due to interactions with northern SCS water, which has

supplied external high Chl a and nutrients in the subsurface SCS

water and increasing phytoplankton productivity in the frontal

area (Deshpande et al., 2013; Wang et al., 2017; Xu et al., 2018).

In addition, there are varying degrees of seawater backflow to the

PRE each year (Liu et al., 2017; Liu et al., 2019). In the northern

SCS, the intrusion of the Kuroshio subsurface water to the

continental slope was identified by using seawater d18O (Chen

et al., 2020b). Based on the d18O–salinity relationship, the SCS

Warm Current in the northeastern SCS mainly originated from

the upslope deflection of the slope current formed by the

Kuroshio subsurface water intrusion into the SCS, rather than

from the west segment of the SCS Warm Current formed to the

Hainan Island (Chen et al., 2020b). In the PRE, by using dual

water isotopes, the study suggested that the saline groundwater

mainly originated from the seawater intrusion in the past,

whereas the fresh groundwater was mainly from the modern

meteoric precipitation recharge (Wu et al., 2020). However, in

the PRE and the adjacent SCS with complex hydrodynamic

forces, there is still no quantitative understanding of the mixing

of different water masses, which will provide a better

understanding of the impact of the biogeochemical processes

and the impact of the water mass composition on the primary

productivity of the ocean (Xu et al., 2018).

In this study, we present a new dataset of dual water isotopes

(d18O and dD), temperature, and salinity in the water column of

the PRE during fall (September) in 2015. We attempted to
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identify and quantify the mixing of different water masses in the

PRE and the adjacent northern SCS. This study will provide a

deeper understanding of the physical processes in the PRE and

the adjacent northern SCS, providing a new insight into the

impact of water mass mixing on biogeochemical processes of the

marginal sea.
Materials and methods

Study area and sampling

During fall (September) 2015, a cruise was carried out in

the PRE and adjacent northern SCS. A total of 24 stations on

three sections were sampled in the study area (Figure 1).

Seawater samples (a total of 108) were collected in the water

column for given depths (i.e., 0.5, 5, 25, 50, 75, 100, 150, 200,

300, 500, and 800 m) using a rosette sampler fitted with 10-L

Niskin bottles. The pretreatment of seawater samples refers to

that of Lao et al. (2022a). The seawater samples for dual water

isotopes were filtered through acetate membranes (0.45 μm

pore size) to avoid the influence of bio-processes on water

isotopes after sampling. The filtrate was transferred to a

precleaned high-density polyethylene bottle, and the bottle

was wrapped by a parafilm (PM-996, USA) to reduce

biological effects and avoid isotopic fractionation by

volatilization of the water, and then stored at −20°C for

analysis. Seawater temperature, salinity, and depth were

measured using a CTD (SBE911, Seabird) on site.
Stable isotope measurement

The most abundant isotope pairs in seawater are the ratios

of the stable isotopes of hydrogen, i.e., 2H and 1H, and the

stable isotopes of oxygen, i.e., 18O and 16O. The ratios are

reported in unit of per mill (i.e., ‰) deviations from Vienna

Standard Mean Ocean Water (V-SMOW), denoted dD and

d18O:

d 18O   or   dD =
Rsample − RV−SMOW

RV−SMOW
� 1000 (1)

where Rsample and RV-SMOW indicate the ratio of 18O/16O and

D/H (i.e., 2H/1H, 2H also named deuterium with acronym of D)

of the sample and V-SMOW, respectively.

The seawater samples for d18O and dD were measured by

using the equilibration method. The detailed process can be

found in Lao et al., 2022a and Lao et al., 2022b). In brief, samples

were equilibrated with H2 or CO2, and the equilibrated gas was

measured by an elemental analysis isotope ratio mass

spectrometer (Gasbench II-IRMS) (Gasbench II interfaced

with a 253 plus mass spectrometer). For the analysis of
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seawater for dD, platinum (Pt) catalyst (200 ml) was added to

the samples, and the H2 (2% H2/He) was introduced to ensure

that D/H in water and D/H in H2 are in isotopic equilibrium.

The procedure of the equilibrium of dD was at 28°C for 40 min.

The analysis of the seawater sample for d18O, CO2 (1% CO2/He)

is introduced into a 500-ml sample to ensure that 18O/16O in

water and 18O/16O in CO2 are in isotopic equilibrium. The

procedure of the equilibrium of d18O was at 24°C for 24 h.

During the measurement, a standard sample (d18OV-SMOW for

0‰ and dDV-SMOW, VSMOW2 for 0‰) was inserted every 12

samples to confirm the stability of the instrument. Based on the

results of each standard sample, the precision and accuracy

calculated for d18O were 0.1‰ and ±0.1‰, respectively.

The precision and accuracy calculated for dD were 0.6‰

and ±0.5‰, respectively.
The Bayesian mixing model

The proportion of contribution from different water masses

can be quantified by using a Bayesian stable isotope mixing

model. The details of the model are as follows (Moore and

Semmens, 2008):

Xij  = o
k

k=1

Pk Sjk + cjk
� �

+ ϵij (2)

Sjk ∼ N   mjk,  w
2
jk

� �
(3)

cjk   ∼ N   ljk,   t
2
jk

� �
(4)

ϵjk   ∼  N   0,  s 2
j

� �
(5)

where Xij and Sjk represent the d18O and dD of a mixed

water sample and isotope signature values of water mass

sources, respectively; Sjk represents normal distribution with

standard deviation wjk and mean deviation mjk; Pk represents
the proportion of different water masses; cjk represents the

fractionation factor for dD and d18O of different water masses,

normally distributed, with mean ljk and standard deviation

tjk; ϵjk represents the residual error of the addition of an

unquantified change between samples, normally distributed,

with mean 0 and standard deviation sj. Since the d18O and dD
in seawater are less affected by biogeochemical processes

(Fairbanks, 1982; Hattori, 1997; Lian et al., 2016; Wang

et al., 2018), the Bayesian mixing model was successfully

applied to quantify the mixing contribution of water masses

(Lao et al., 2022a and Wu et al., 2021; Lao et al., 2022b). The

advantage of the Bayesian mixing model compared to other

methods, such as the model MixSIR, is the residual error term

in the form of standard deviation included in the model

(Jackson et al., 2009).
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FIGURE 1

Sampling stations in the Pearl River Estuary during September 2015.The surface current vectors were also plotted. PREW, Pearl River flushing
water; SCSW, South China Sea water; SCSKB, South China Sea Kuroshio Branch.
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Results
Hydrography properties

The vertical distributions of temperature and salinity along

the three sections are shown in Figure 2. A thermal stratification

can be clearly seen in the PRE and the adjacent northern SCS.

Temperature decreased gradually with depth in the water

column, with the highest temperature of 30.33°C in the surface

and the lowest temperature of 5.32°C in the bottom.

The salinity is characterized by low salinity in the surface

layer (minimum salinity value of 32.35) and high salinity in the

bottom layer. Notably, the maximum salinity is presented in the

subsurface layer (maximum salinity value of 34.71), with an

average of 34.16. The lowest salinity (<33.5) was found in the

nearshore area of Sections 2 and 3 (Figure 2). The high

temperature (>25°C) and low salinity (<34) in the surface

water extend from the nearshore area to the outer sea,

suggesting that this may be influenced by the coastal diluted

water. However, in the subsurface water of the offshore area, the

higher salinity and temperature may be influenced by the

Kuroshio intrusion in the northern SCS (Chen et al., 2020b;

Wu et al., 2021).
Stable isotope distributions

d18O and dD ranged from −0.2‰ to 0.9‰ and from −6.7‰

to 18.5‰, with an average value of 0.3‰ and 5.5‰, respectively.

The distribution of d18O and dD exhibited a wide range

spanning the surface and middle layers (both maximum and

minimum values occur in the middle layer or in both the middle

and surface layers) (Figures 3, 4); lower values were found in the

nearshore areas whereas higher values were found in the offshore

areas (Figure 3). Similar to the distribution of salinity, d18O and

dD showed lower values in the surface water and higher values in

the mid and bottom water. In addition, lower values were found

in the nearshore area, whereas higher values were found in the

offshore area. Notably, significantly high d18O values were found

in the offshore area of Section 3, which may be influenced by the

Kuroshio water intrusion since the Kuroshio water was

characterized by significantly positive d18O in the eastern

Luzon Strait (Wu et al., 2021).
Identification of water masses in the PRE
and the adjacent northern SCS

Based on the salinity, temperature, and stable oxygen and

hydrogen isotope of the PRE, three water masses can be

identified that affect the PRE and adjacent northern SCS
Frontiers in Marine Science 05
waters (Figure 5). The PRE flushing water is derived from

continental runoff with high temperature (>26.5°C) but low

salinity (<33.2) and isotope values (<1.5‰ for dD and <0‰

for d18O), forming PREW end-member. The bottom water of the

SCS is mainly derived from the northern part of the SCS, with

low-temperature (<10°C) but high-salinity water (>33.30),

forming South China Sea bottom water (SCSBW) end-

member. A further water mass, with high salinity (>34.6) and

isotope values (>2.0‰ for dD and >0.6‰ for d18O), is located in

the subsurface layer. The salinity and isotopic characteristics of

this water mass follow those of the Kuroshio waters (Chen et al.,

2020a; Wu et al., 2021), forming SCSBW end-member.
Isotope–salinity/isotope relationships

The correlation of dD–d18O, dD–salinity, and d18O–salinity
relationships for the three sections is shown in Figure 6. Those

relationships exhibited higher slopes in Sections 1 and 2, and

lower slope in Section 3. These indicated that the water mass

processes were similar between Sections 1 and 2, while Section 3

was significantly different from the two sections. The vertical

distribution of dD and d18O in Section 3 is also noticeably

different from the other two sections, which also indicates that

the water mass process in Section 3 is significantly different from

the other two sections (Figure 4). Section 3 is located to the east

of the PRE and probably more affected by the Kuroshio intrusion

than Sections 1 and 2.
Discussion

dD–d18O and d18O–salinity in
different sections

In Section 1, the significant correlation of d18O–salinity
(d18O = 0.28S-9.47; R2 = 0.38, p < 0.01) and dD–d18O (dD =

12.65d18O+4.31; R2 = 0.39, p < 0.01) was found (Figures 6A, C).

A high-slope but low-intercept d18O–salinity relationship

indicated the influence of the strong overland runoff or strong

rainfall (Lao et al., 2022a and Singh et al., 2010; Kumar and

Ramesh, 2016; Kumar et al., 2018; Lao et al., 2022b). In addition,

the slope of observed dD–d18O is significantly higher than that of

the global meteoric water line (GMWL: dD = 8.00d18O+10)
(Craig, 1961) and the global ocean water line (GOWL: dD =

7.37d18O-0.72) (Rohling, 2007), indicating that this section is

mixed with freshwater or high rainfall, or both (Figure 6C).

Notably, lower temperature and higher salinity compared to the

surface water at the other stations were found in the coastal

water (Station 21) of Section 1, which is similar to the subsurface

water column characteristics of the others (Figures 2A, D). This

may be because the coastal upwelling transports to the
frontiersin.org
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subsurface waters (Xia et al., 2018). Nevertheless, the overall

influence of coastal currents in western Guangdong is more

important in freshwater (Ying et al., 2003). Thus, the surface

salinity decreased in outer Station 21 (Figure 2B). The vertical

distribution of salinity showed less influence of intrusion of

high-salinity seawater, which may be due to the shallow

sampling depth (less than 200 m). High values of salinity and

d18O were found at the base of Station 28, but due to the

shallowness of the station, it is difficult to determine whether

these two high values originated from SCSKB or not. Thus, the

mixing of water masses in Section 1 is mainly influenced by

PREW and SCSW (offshore).

Section 2 is slightly different from Section 1, and the coastal

water (Station 20) is characterized by low temperatures and low

salinity (Figures 2C, D), indicating a significant impact from

PREW. The slope of dD–d18O (dD = 10.78d18O+4.61; R2 = 0.13,

p < 0.1) for this section is higher than GMWL and GOWL

(Figure 6C), indicating the presence of freshwater or heavy

rainfall. However, the slope of the d18O–salinity (d18O =

0.25S-8.31; R2 = 0.66, p < 0.001) in Section 2 is slightly lower

than that in Section 1, indicating that in addition to freshwater

input, this section is also influenced by the saline water intrusion.

This also supports the view that the PREW is more likely to flow

to the west of the PRE (Ying et al., 2003; Lao et al., 2019a) and, as
Frontiers in Marine Science 06
a result of the influence on Section 1, which is located to the west,

is more significant. However, it is also possible that this is due to

the greater depth of the station in Section 2 (up to 850 m), which

is more affected by the high salinity of seawater. High salinity

values (>34.5) and high d18O values (>0.4‰) were observed at

the bottom (100–150 m) at Stations 12 and 13 (Figures 2D, 4D);

this may be due to the intrusion of SCSKB into the subsurface

and intermediate layers with high salinity and high d18O water.

Offshore stations are affected by the SCSW on both the surface

and bottom layers. Thus, the mixing process of water masses in

Section 2 is mainly influenced by PREW, SCSW, and

SCSKB (offshore).

In Section 3, the salinity of the water is relatively high

compared to the other two sections from the coast to offshore

(Figure 2F), with an average of 34.13. The slope of dD–d18O (dD
= 4.68d18O+1.43; R2 = 0.12, p < 0.1) for this section is lower than

GMWL and GOWL (Figure 6C), indicating intrusion of high-

salinity seawater or strong evaporation, or both. In addition,

compared to the other two sections, the slope of dD–d18O is

relatively lower. The low slope and high intercept of the d18O–
salinity (d18O = 0.24S-7.6; R2 = 0.26, p < 0.001) regression line

for Section 3 indicated that water mass processes in this section

are mainly influenced by high-salinity seawater (Figure 6C).

Section 3 is located on the eastern side of the PRE, while PREW
FIGURE 2

Vertical distribution of temperature and salinity in three sections as defined in Figure 1. Note that the depth scale is not linear where the upper
400 m was stretched.
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FIGURE 3

Vertical distribution of d18O and dD in three sections as defined in Figure 1. Note that the depth scale is not linear where the upper 400 m
was stretched.
FIGURE 4

Vertical profiles of d18O and dD in the three sections of the PRE and the adjacent SCS.
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A B

FIGURE 5

Plots of potential temperature (°C) versus salinity for water column of the Pearl River Estuary. Colors indicate (A) dD and (B) d18O values. Three
water masses, PREW, SCSKB, and SCSDW, were also marked with ellipses. PREW, Pearl River flushing water; SCSKB, South China Sea Kuroshio
Branch; SCSBW, South China Sea bottom water.
B C

A

FIGURE 6

(A) d18O vs. salinity, (B) dD vs. salinity, and (C) dD–d18O relationship for selected sections as defined in Figure 1. The GMWL was from Craig
(1961); the GOWL was from Rohling (2007).
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is more likely to flow to the west (Lao et al., 2019a; Chen et al.,

2021). These indicate that the effect of PREW may be less on

Section 3. The offshore stations (Stations 7–10) in Section 3

showed a high salinity and d18O at 100 m to 150 m (Figures 2F,

4F), indicating a significant influence of SCSKB in the subsurface

of the section, particularly at a depth of 100–340 m in Station 9,

which exhibited the highest salinity (average of 34.49) and d18O
value (average of 0.7‰). Notably, the d18O values in Station 9

were still higher than the Kuroshio end-member in the surface

and subsurface water of the eastern Luzon Strait (Wu et al.,

2021). There may be two reasons for this phenomenon. Firstly,

after the Kuroshio Water intruded into the northern SCS, the

continuous evaporation of seawater led to isotopic fractionation

during water transportation. The cruise is carried out in summer

(June and July), which is during the rainy season and has a large

rainfall (Wu et al., 2021). However, the cruise in this study was

carried out in fall (September), during which rainfall decreased

and seawater volatilization gradually increased. Secondly, the

formation of typhoon will carry away a large amount of moisture

on the sea surface and transport it to remote areas (Chen et al.,

2021; Lao et al., 2022a). Those processes lead to the continuous

evaporation of seawater during the Kuroshio water

transportation in the SCS. There are two typhoons generated

in SCS during September 2015, namely, Vamcon and Mujigae

(Chen et al., 2021). Thus, the Kuroshio water may have been

fractionated after entering the SCS, resulting in a higher d18O
value in this study than that in the previous study (Wu et al.,
Frontiers in Marine Science 09
2021). Thus, the mixing process of water masses in Section 3 is

different from Sections 1 and 2, which is mainly influenced by

SCSW and SCSKB.
Deuterium excess in the PRE

The deuterium excess (d-excess = dD-8×d18O) is a derived

parameter that depends on kinetic fractionation processes of

isotopes associated with evaporation (Deshpande et al., 2013).

The d-excess in continental runoff is about 10‰, while in

seawater, it is about 0‰ (Kumar et al., 2018). Even small

inputs from continental sources or evaporation of seawater

can lead to d-excess values >0‰. Only kinetic fractionation

during evaporation can result in low d-excess values; 0.5‰ can

be considered a critical value higher than which the mixing of

water masses can be considered not significantly influenced by

evaporation or precipitation (Deshpande et al., 2013). The

sampling period was September; the runoff was still higher

during that period, while the mean value of the d-excess in the

surface waters of the Pearl River Estuary was 3.08‰. In addition,

d-excess showed no correlation with d18O in the three sections

(Figure 7). This suggested a relatively lower effect of kinetic

evaporation on seawater in the study area. Thus, the mixing

processes of the water masses in the PRE and the adjacent

northern SCS are mainly influenced by coastal water in PRE and

higher-salinity seawater from SCS and SCSKB.
FIGURE 7

d-excess–d18O relationship for seawater samples collected in different sections.
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Quantification of different water masses
and their contributions

As discussed above, the mixing in Section 3 is different from

Sections 1 and 2. The seawater in Section 3 may be more

influenced by the mixing with SCSW and SCSKB, while

Sections 1 and 2 are influenced by the mixing of the three

water masses. It is not appropriate to use the Bayesian stable

isotope mixing model to quantify the contribution of different

water masses if isotopic fractionation is present. However, the

dual water isotopes are conservative and less influenced by

biological processes (Lian et al., 2016; Jin et al., 2018; Chen

et al., 2020; Lao et al., 2022a and Lao et al., 2022b); thus, the

d18O–salinity and dD–d18O relationships have been used to

determine the mixing of ocean water with runoff, large-scale

ocean mixing, sea ice, and glacier melting (Bigg and Rohling,

2000; Benetti et al., 2017). In addition, we found that the

correlation between d-excess and d18O was weak, indicating

the lower influence of kinetic fractionation. Thus, we believe

that the variation of isotopic compositions and relationships of

d18O–S and dD–d18O is mainly influenced by the mixing

processes of different water masses, and the Bayesian approach

can be used to calculate the relative contribution of different

water masses based on the isotopic characteristics of each end-

member. To quantify the contribution of mixing between

different water masses in the study area, Station 20

characterized by the lowest surface water salinity was selected

as a PREW end-member; Station 11 has lower water

temperatures but higher salinity at depths of 200–850 m and is

very far from the coast, so the 200–850 m of this station was

selected as the SCSW end-member; Station 9 with high salinity

and isotopic values of water at 100–340 m was selected as the

SCSKB end-member. Since d-excess and d18O are not correlated,

indicating little effect from kinetic fractionation, it is feasible to

calculate the contribution of different water masses by using dual

water isotopes in the Bayesian mixing model. The hydrological

and isotopic characteristics of the three end-members are

summarized in Table 1. The isotopic values from the three

end-members were used to calculate the proportion of the

mixing water masses in the PRE and the adjacent northern

SCS. The results are presented in Figure 8. The results showed

that the seawater mainly contributed from the SCSW

(accounting for 71%), followed by the SCSKB (accounting for
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23%), while the contribution of PREW only accounted for 6%.

However, in Section 3, the seawater mainly contributed from

SCSKB (accounting for 50%), which was significantly higher

than that in Sections 1 and 2. This suggested that the Kuroshio

intruded into the northern SCS has a great impact on Section 3,

but has a lesser impact on the other two sections. This result is

consistent with a previous study that suggested that the Kuroshio

water could intrude the continental slope in the southwestern

Taiwan Strait (about 117°E) (Chen et al., 2020b). Moreover, the

SCS water in the southwestern Taiwan Strait mainly originated

from the upslope deflection of the slope current formed by the

Kuroshio water intrusion into the SCS, but not from the west

segment of the SCS water formed to the east of Hainan Island

(Chen et al., 2020b). However, this study found that the great

impact of the Kuroshio intrusion can even reach 115.5°E (in

Section 3), which brings a new understanding to the influence of

the Kuroshio intrusion into the northern SCS.
The implications of the water masses
mixing in the local environment

In this study, we investigated the mixing of water masses in

the PRE and the adjacent SCS according to the relationship

between dD, d18O, and salinity. The mixing of water masses in

the PRE and adjacent SCS is mainly contributed by SCSW

(71%), SCSKB (23%), and PREW (6%). The characteristics of

high temperature but low salinity and low isotope values of

PREW are mainly influenced by the surface water. The influence

of SCSW water on the mixing of water masses in the PRE and

the adjacent SCS is mainly through surface intrusion from the

bottom of the offshore. The SCSKB that originated from the

Kuroshio with high salinity and high isotopic values is mainly

influenced by the subsurface water (100–300 m). In the PRE, the

signal of the SCSKB water was weak, because of the high density

with high temperature and high salinity sinking to the

subsurface layer (100–300 m) after intrusion of the Kuroshio

Branch into SCS. However, this study found that the signals of

the Kuroshio Branch were only captured in the east of 115°E

(Section 3) (the contribution of Kuroshio water accounting for

50%), whereas the west of 115°E (Sections 1 and 2) was mainly

affected by the PREW (mainly in the surface water) and SCSW.

The mixing of different water masses with the elements carried

by the transportation processes may greatly impact

environmental factors and local marine ecosystems (Lao et al.,

2022a and Lao et al., 2022b). For example, the high absorption

and fluorescence of dissolved organic matter (CDOM and

FDOM) in the subsurface layer of SCS were mainly modulated

by the Kuroshio intrusion (Wang et al., 2017). In addition, a

stable input of external nutrients from different water masses,

such as the West Guangdong coastal current and SCS water, was

observed to sustain primary production in the Beibu Gulf

throughout the year (Lao et al., 2022a). However, a high
TABLE 1 The isotopic characteristics of the PREW, SCSW, and SCSKB
in the PRE and the adjacent northern SCS.

PREW SCSW SCSKB

Salinity 32.54 ± 0 34.47 ± 0.04 34.49 ± 0.06

Temperature 26.39 ± 0 10.02 ± 3.51 16.84 ± 4.20

dD (‰) 1.4 ± 0 5.8 ± 1.3 3.2 ± 2.8

d18O (‰) −0.1 ± 0 0.2 ± 0.1 0.8 ± 0.1
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nutrient supplied from the West Guangdong coastal current to

the Beibu Gulf during the dry season also resulted in the frequent

algal blooms in the central gulf (Lao et al., 2022a). By contrast, as

the dominant water source during the rainy seasons, the coastal

current in the Beibu Gulf can input a large number of land-based

pollutants into the coastal oceans (Lao et al., 2019b; Lao et al.,

2022a), thereby intensifying water pollution, such as

eutrophication (Lao et al., 2021). Moreover, increasing

intrusion of high-salinity water has altered the mariculture

activities in the coastal bays because it increased the salinity

and seriously retained the pollutants of freshwater in the coastal

bays (Lao et al., 2022b). Thus, the results of this study also

provide a new idea for the study of physical dynamic and

biogeochemical cycles in this region.
Conclusion

This study presents a new dataset, including dD and d18O,
for the water mass processes from the PRE and the adjacent

northern SCS. Based on hydrographic observations and the

relationship between isotopes of hydrogen, oxygen, and

salinity in the water column, we have identified and quantified
Frontiers in Marine Science 11
the mixing processes in the water column at PRE and the

adjacent northern SCS. The seawater in the PRE and the

adjacent northern SCS is significantly influenced by PREW

(6%), SCSKB (23%), and SCSW (71%). However, the influence

of PREW mainly occurred in the surface water, whereas the

SCSKB with high salinity and high isotopic values is mainly

influenced by the subsurface water (100–300 m). The mixing

process of water masses in Sections 1 and 2 is similar, which is

mainly contributed by the SCSW (86%), while the contribution

of PREW and SCSKB is only 4% and 10%, respectively. By

contrast, the mixing process of water masses in Section 3 is

mainly influenced by the Kuroshio intrusion (50%). In addition,

this study found that the great impact of the Kuroshio intrusion

can reach 115.5°E (in Section 3), which brings a new

understanding to the influence of the Kuroshio intrusion into

the northern SCS.
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Proportional contribution of different water masses to the seawater of the PRE and the adjacent northern SCS. (A) The whole study area; (B)
Section 1 and 2; (C) Section 3.
frontiersin.org

https://doi.org/10.3389/fmars.2022.987685
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Jian et al. 10.3389/fmars.2022.987685
Author contributions

SZ was responsible for the conceptualization. XJ and QL

prepared and wrote the original draft. XJ, QL and FC wrote,

reviewed, and edited the manuscript. PH were responsible for

the data curation. XJ, CC, QZ were responsible for the

experimental operation. XJ, CC were responsible for field

sampling. FC and SZ funded the acquisition. All authors

contributed to the article and approved the submitted version.
Acknowledgments

We would like to thank Professor Jie Xu for his support in

collecting water samples. This work was supported by the

National Natural Science Foundation of China (92158201 and

U1901213), the Scientific Research Start-Up Foundation of

Shantou University (NTF20006), the Innovation and

Entrepreneurship Project of Shantou (2021112176541391), and
Frontiers in Marine Science 12
t h e Guangdong Na tu r a l S c i en c e Founda t i on o f

China (2019B1515120066).
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
References
Benetti, M., Reverdin, G., Aloisi, G., and árny Erla, S. R. (2017). Stable isotopes in
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